Wastewaters from phenol and rubber synthesis were treated by the activated sludge process in a large-scale chemical factory in Shanghai, but the final effluent quality cannot conform with the local discharge limit without using river water for dilution. Therefore, this chemical factory had to upgrade its wastewater treatment plant. To fully use the present buildings and equipment during upgrading of the chemical factory's wastewater treatment plant and to save operation costs, a sequential biological pre-treatement, chemical oxidation, and biological post-treatment (or BCB for short) process had been proposed and investigated in a pilot trial. The pilot trial results showed that about 80% COD in the chemical wastewater could be removed through anoxic and aerobic degradation in the biological pre-treatement section, and the residual COD in the effluent of the biological pre-treatment section belongs to refractory chemicals which cannot be removed by the normal biological process. The refractory chemicals were partial oxidized using Fenton's reagent in the chemical oxidation section to improve their biodegradability; subsequently the wastewater was treated by the SBR process in the biological post-treatment section. The final effluent COD reached the first grade discharge limit (,100 mg l 21 ) of Chinese Notational Integrated Wastewater Discharge Standard (GB8978-1996) even if without using any dilution water. Compared with the original dilution and biological process, the operation cost of the BCB process increased by about 0.5 yuan (RMB) per cubic metre wastewater, but about 1,240,000 m 3 a 21 dilution water could be saved and the COD emission could be cut down by 112 tonne each year.
INTRODUCTION
Since the 1990s, many chemical industrial enterprises have been transferred from developed countries to China, and China has become the biggest country for chemical production in the world. Based on annual Chinese environmental statistics, both the wastewater and chemical oxygen demand (COD) discharged by chemical industrial were at the top of 39 important industrial areas of China in 2006. It is known that chemical industrial wastewater often contains high concentrations of organic pollutants, which are sometimes toxic and/or resistant to biological treatment. In the past, so that these wastewaters could be treated at the lowest cost, 'dilution' and biological processes were widely applied by most chemical factories in China. That is, a great amount of freshwater would be used for diluting the influent of biological treatment units so that some chemical inhibition to microorganisms' activity could be avoided and the final effluent's quality could fit in with the needs of the wastewater discharge standards. For instance, the wastewaters from phenol and rubber synthesis were treated by the activated sludge process in a large-scale chemical factory in Shanghai, but the final effluent quality cannot achieve the local wastewater discharge standard if the influent from the biological process was not diluted by the river water (Ding 2006) . But, to ensure that the target for 10% reduction of doi: 10.2166/wst.2009.051 COD emission could be achieved by the end of 2010, the Chinese EPA has strictly carried out the discharge standard for water pollutants and the total amount control system in recent years (Chinese EPA 2008) . and the above-mentioned 'dilution' and biological processes had been forbidden.
Therefore, most of chemical industrial wastewater treatment plants have to be upgraded in China.
The presence of toxic or inhibitory pollutants in chemical industrial wastewater will dramatically reduce the viability of biological processes. In such cases, advanced oxidation processes (AOPs) are possible alternatives. These processes involve the generation of highly reactive free radicals, mainly the hydroxyl radical (·OH), via chemical
, and photocatalytic (UV/TiO 2 ) reactions (Herrmann et al. 1993; Beltran et al. 1994; Ormad et al. 1997; Kowalska et al. 2004; Ding 2006; Pignatello et al. 2006) .
Despite the progress that has been achieved in understanding and using AOPs, most applications are limited to the laboratory or pilot plant scale due to high energy and chemical oxidant requirements of AOPs. One of the most promising approaches for process optimization in this sense is coupling AOPs with a biological treatment (Zeng et al. 2000; Benitez et al. 2001; Sarria et al. 2002; Lim et al. 2003) . In these integrated systems, AOPs are usually employed as a pre-treatment to enhance the biodegradability of wastewater containing recalcitrant or inhibitory pollutants. The purpose of this treatment strategy is for the effluent to go from chemical oxidation to biological treatment as soon as it becomes sufficiently biodegradable.
Other types of integrated treatment in which a preceding biological step is followed by further chemical oxidation (e.g. biological ! chemical ! biological or biological ! chemical) have also been applied in chemical industrial wastewaters treatment works. Such integrated systems may be favorable for wastewaters that initially contain some biodegradable fractions which could be easily removed first, and so subsequently would not compete for the chemical oxidant. 
MATERIALS AND METHODS

Mixed wastewater
The wastewaters for the pilot trial were directly collected from the different raw wastewater transportation pipes of the chemical industrial factory in Shanghai, respectively, and then mixed together in proportion to their true discharged flow rate. Table 1 presents the characteristics of mixed wastewaters.
Chemicals
All chemicals used in the pilot trial are industrial grade. Table 2 .
Analytic methods
Chemical oxygen demand (COD), biological oxygen demand (BOD), phenol, total dissolved solids (TDS), DO, pH, and MLSS ware all conducted in accordance with Standard Methods (APHA 1998).
RESULTS AND DISCUSSION
Biological pre-treatment
As can be seen in Figure 3 , the biodegradable organics in the influent were mainly removed in the anoxic tank and aerobic basin 1. Only a small part COD was removed in the aerobic basins 2 and 3. This means the residual COD in the effluent of the biological pre-treatment section was resistant to biological treatment. During the stable operation phase, the total COD removal efficiency of the biological pretreatment section was over 80%. Therefore, a mass of hydrogen peroxide could be saved in the following chemical oxidation section compared to the integrated process of chemical pre-oxidation followed by biological treatment.
Besides, as seen in Figure 3 the effluent COD value had been gradually increased since the 85 th day. This was because a strong cold current arrived in Shanghai on that day, the wastewater temperature in reactors decreasing gradually to less than 58C.
Chemical oxidation
In this section, Fenton reagent, hydrogen peroxide and ferrous sulphate solution, were continuously dosed by metering pumps, respectively. The pH value of Fenton oxidation reactor was automatically controlled between 3.0 and 3.5 through dosing diluted H 2 SO 4 solution. The refractory chemicals remaining in the effluent of the biological pretreatment section would be partly oxidized to intermediate products which are more readily biodegradable during the Fenton oxidation process. Figure 4 shows the pilot trial results of the chemical oxidation section in the BCB process.
The effluent of the biological pre-treatment section was treated by Fenton reagent in the chemical oxidation section, in which the BOD 5 /COD value increased from 0.03 to 0.24 through Fenton oxidation, thus its biodegradability was improved.
Biological post-treatment
The effluent of the chemical oxidation section in the BCB process flows to the SBR reactors for biological posttreatment. The purpose of designing this section in combined biological treatment and chemical oxidation processes was to save the Fenton reagent dose of the chemical oxidation section. As the hydrogen peroxide dose decreased from 2.0-2.5 ml l 21 to 1.0-1.5 ml l 21 , the COD values of the Fenton oxidation section almost doubled, but the SBR effluent COD values were still less than 100 mg l 21 , which is the first grade effluent COD discharge standard in the Chinese Integrated
Wastewater Discharge Standard (see Figure 4 ).
OPERATING COST ESTIMATION
The evaluation of the treatment costs is today one of the most important aspects. The overall costs are represented by the sum of the capital costs, the operating costs and maintenance. Compared to the original wastewater treatment process ('dilution' and biological treatment) of the chemical industrial factory in Shanghai, the newly developed BCB process just increased the Fenton oxidation section, so only the Fenton oxidation section operating cost was estimated here (Table 3) In addition, the original wastewater treatment process had to use 4,133 m 3 river water each day for dilution, and the p The effluent of the Fenton oxidation reactor was neutralized and ferric hydroxide was formed during neutralization, then the ferric hydroxide would settle down and be discharged as chemical sludge from the neutralization and settling tank (see Figure 2 ). In China, this sludge is often considered as a hazardous solid waste, so its disposal cost is very high.
